Abstract Spinocerebellar ataxia-1 (SCA1) is a late onset neurodegenerative disease caused by the expansion of a polyglutamine repeat within ataxin-1 protein. The toxic effects triggered by mutant ataxin-1 result in degeneration of the neurons in cerebellum, brain stem and spinocerebellar tracts. The targeted overexpression of mutant ataxin-1 in cerebellar Purkinje cells (PCs) of the SCA1 transgenic mice results in the formation of cytoplasmic vacuoles in PCs. These vacuoles appear early on before the onset of behavioral abnormalities. Interestingly, we found that vacoules contain S100B and vimentin proteins, which normally localize to neighboring Bergmann glia (BG). Further, immunohistochemical and specialized silver stain analysis revealed that vacuolar formation is associated with alterations in the morphology of dendritic spines of PCs. To gain insights into the mechanisms of vacuolar formation, we investigated if vacuoles in SCA1 PCs have an autophagic origin or are a consequence of some other event. We examined the expression levels (by Western blotting) of microtubule-associated protein light chain 3 (LC3)-I and LC3-II, and the degradation levels of p62 (a LC3 partner) in the cerebellar fractions prepared from presymptomatic SCA1 and age-matched wild-type mice. No p62 degradation was observed; however, LC3-II/(LC3-I + LC3-II) ratios were significantly altered in SCA1 mice indicating changes in the autophagic flux. In addition, LC3 localized to PC vacuoles. Further, we observed a colocalization of myo-inositol monophosphatase 1 (IMPA1) with S100B in PC vacuoles. IMPA1 is present in PC spines and has been implicated in autophagy. In vitro studies using purified IMPA1 and S100B demonstrated that S100B interacted with and activated IMPA1. Both apo and Ca 2+ -bound S100B were found to activate IMPA1, depending on substrate concentration. IMPA1 is regulated by another calcium-binding protein calbindin-D28k (CaB), since we reported earlier that the CaB levels are reduced in SCA1 PCs, the activation of IMPA1 by S100B may modulate CaB-dependent inositol signaling. This may cause BG-PC interface to degenerate resulting in vacuolar formation. In sum, these data indicate that vacuoles appearing early in SCA1 PCs could be developing through some unknown autophagic mechanism.
Introduction
Spinocerebellar ataxia-1 (SCA1), an autosomal dominant disease, belongs to a group of trinucleotide repeat disorders of the nervous system. SCA1 is associated with progressive ataxia resulting from the loss of cerebellar Purkinje cells (PCs) and neurons in the brainstem [1] [2] [3] . The exact function of the mutant protein ataxin-1 is not fully understood [3] [4] [5] . Overexpression of mutant ataxin-1 in PCs of SCA1 transgenic mice results in a progressive ataxia and PC pathology that are very similar to those seen in SCA1 patients [6] . In transgenic mice, a prominent feature of SCA1 pathology is the presence of intranuclear inclusions and cytoplasmic vacuoles in PCs. The vacuoles appear much earlier, before the appearance of intranuclear inclusions and onset of behavioral abnormalities [7, 8] . It is not clear why vacuoles are formed and if they are toxic to PCs in SCA1.
Bergmann glia (BG) located in the PC layer in cerebellar cortex elaborately ensheathe PC dendrites, synapses, and soma, and are structurally and functionally related with differentiating PCs [9] . Pakhotin and Verkhratsky [10] demonstrated electrical coupling between BG and PCs. Further, BG are gaining recognition as key players in the clearance of extracellular glutamate [11] . In addition, these cells express high levels of S100B, which acts like a trophic factor on the neighboring neurons [12] [13] [14] . Earlier, we showed that S100B protein expressed in BG was localized to PC vacuoles [8] . Although there is no report on the role of BG in PC degeneration in SCA1, recently, Custer and co-workers [15] demonstrated that the BG expression of mutant ataxin-7 produces degeneration of PCs. We believe that BG influence PC differentiation and pathology in SCA1. S100B belongs to a family of Ca 2+ -modulated proteins of the EF-hand type [12, 14, 16] . S100B is abundantly expressed in the nervous system and is suggested to function as cytokines with both neurotrophic and neurotoxic effects [14, [17] [18] [19] . It is mainly expressed in glial cells and S100B released from astrocytes promotes neuronal survival [20, 21] and development [22] . Increased levels of S100B have been reported in Alzheimer's disease and Down syndrome [23, 24] . S100B interacts with multiple targets including p53, nuclear Dbf2-related kinases, receptor for advanced glycation end products, protein kinase C, and neuromodulin [16, 25, 26] . Here, we show that S100B interacts with and activates myo-inositol monophosphatase 1 (IMPA1).
Inositol monophosphatase (IMPase) is a key enzyme in the phosphatidylinositol second messenger pathway in which it is responsible for the final step in the degradation of inositol-1,4,5-trisphosphate (IP3) to myo-D-inositol. IMPase is encoded by two genes IMPA1 and IMPA2 [27] . IMPA1 is highly expressed in cerebellar PCs and localizes to dendritic spines where it regulates IP3-mediated Ca 2+ signaling [27, 28] . It has also been implicated in autophagy as inhibition of IMPA1 by lithium induces autophagic vacuole formation [29, 30] . In the present study, we describe that IMPA1 and S100B co-localize to the vacuoles of SCA1 PCs. Further, to characterize the function of S100B, we examined its interaction with IMPA1 as a first step to investigating the role of BG in the pathogenesis of SCA1.
Materials and Methods

Materials
Rabbit polyclonal anti-S100B antibody was obtained from Abcam Inc., Cambridge, MA, USA; mouse and goat polyclonal anti-AMPA1 antibodies were purchased from Novus Biologicals Inc., Littleton, CO, USA and Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA, respectively; mouse monoclonal anti-green fluorescent protein (GFP) antibody was obtained from Roche Diagnostics Corp., Indianapolis, IN, USA; rabbit polyclonal anti-calbindin D-28K (CaB) was obtained from Millipore, Temecula, CA, USA; mouse monoclonal anti-vimentin antibody and GFAP-cy3 conjugate were purchased from Sigma Chemical Co., St. Louis, MO, USA; mouse and rabbit monoclonal and polyclonal antibodies, which recognize both LC3-I and LC3-II forms, respectively, were obtained from Medical & Biological Laboratories, MBL International Corp., Woburn, MA, USA; rabbit anti-p62 antibody was purchased from Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA; and mouse anti-βIII-tubulin was obtained from Promega Corp., Madison, WI, USA. All cell culture reagents or media were purchased from either Sigma Chemical Co. or Gibco Invitrogen (Carlsbad, CA, USA).
SCA1 Transgenic Mice
The SCA1 transgenic mice are generated by Drs. Harry Orr and Huda Zoghbi [6] at the University of Minnesota. We have a colony of SCA1 mice in our animal facility. The heterozygous PS-82 BO5 line of mice identified using a transgene specific polymerase chain reaction assay were backcrossed to the parental FVB/N strain (N=10) to establish congenic line with homogeneous background strain. The line B05 has 30 copies of the transgene PS-82. Transgenic mice of the B05 line develop progressive loss of PCs and cerebellar function. Heterozygous B05 transgenic mice become visibly ataxic (as assessed by home cage behavior) at 12 weeks of age, whereas in homozygotes, the onset of ataxia is at 6 weeks postnatally.
Green Fluorescent Protein Transgenic Mice
Homozygous GFP mice and wild-type (same background) were obtained from Jackson Labs, Bar Harbor, ME, USA [31] . We have a colony of GFP transgenic mice in our animal facility. The transgene expression of enhanced GFP gene is under the control of pcp2/L7 promoter similar to ataxin-1 expression in SCA1 mice, and GFP is expressed only in PCs, where it fills dendrites, soma, axons, and nuclei. GFP is detected in PCs as early as E17 and increases during development. There is no PC pathology or behavioral abnormalities in these mice.
Generation of Experimental Animals
SCA1/GFP Mice Female mice (FVB/N) homozygous for SCA1 (SCA1/SCA1) were mated with male (FVB/N) homozygous (GFP/GFP) GFP mice to generate double mutants heterozygous for both SCA1 and GFP (SCA1/+-GFP/+).
Wild-Type/GFP Homozygous GFP (GFP/GFP) males (FVB/ N) were mated with wild-type (+/+) females (FVB/N) to generate heterozygous (GFP/+) mice wild-type for SCA1.
The manipulation and maintenance of animals were approved by the Institutes Animal Care and Use Committee according to the regulations for using animals in scientific research.
Tissue Processing SCA1 and GFP heterozygous and wild-type mice at different postnatal ages were anesthetized and perfused with 4% buffered paraformaldehyde according to the method described by Neuroscience Associates, Knoxville, TN, USA. The brains were removed and immersed in the perfusion fixative and further fixed overnight, transferred to phosphate-buffered saline (PBS), and processed for vibratome sectioning or paraffin embedding. Sections were cut from the midline sagittal plane of cerebella.
Human Autopsy Tissue
Cerebellar tissues from patients with SCA1 (n=5) and normal patients who had died of non-neurologic illness (n= 4) were obtained and frozen or formalin fixed at autopsy as previously described [32] . The mean age at the time of death and postmortem time for control subjects and SCA1 patients were not significantly different. The SCA1 patients ("C" kindred) suffered from imbalance, ataxia of limbs, and dysarthria. Neuropathological changes represented severe atrophy of inferior olives, pons, and cerebellum [32] . All patients were severely disabled by their end-state cerebellar ataxia and were wheelchair-or bed-bound. The duration of ataxia was 15-30 years.
Immunohistochemistry
Six-micrometer paraffin-embedded or 50-µm vibratome sections of 12-day-to 10-week-old mice (wild-type or SCA1, n= 4) or human SCA1 cerebellar tissue were immunohistochemically stained with optimally diluted monoclonal or polyclonal antibodies to S100B (1:100), CaB (1:200), IMPA1 (1:200), GFP (1:100), vimentin (1:200), GFAP (1:400), LC3 (1:100), or βIII-tubulin (1:400) as described earlier [33] . Briefly, paraffin-embedded sections were deparaffinized and then incubated with 3% H 2 O 2 for 10 min and microwaved for 14 min and then with 5% blocking goat serum for 30 min with thorough intervening washes with PBS. After washing the sections with PBS, the sections were incubated for 1 h at room temperature or overnight at 4°C with primary antibody, followed by incubation with (30 min) anti-mouse or rabbit second antibody, biotinylated (for HRP staining) or conjugated to Alexa 488 or 546 fluorescent dye (Molecular Probes Inc., Eugene, OR, USA). The sections were then mounted and photomicrographed using an Olympus BAX60 epi-fluorescence microscope. Images were processed using Adobe Photoshop CS (version 8.0; San Jose, CA, USA). To avoid bias due to overlapping of layers of cells, serial sections were counterstained with H & E, and neurons with clearly visible nucleoli were marked as PCs and were then probed for the presence of vacuoles.
Spine Density
To access if there was a significant reduction in the number of spines in SCA1 PC with vacuoles as compared to PC without vacuoles, digital images of GFP-immunostained PCs were captured with a digital camera and were analyzed using Image-Pro Plus image analysis system (Media Cybernetics, Silver Spring, MD, USA). Briefly, 6 µm of tertiary dendrites was sampled (n=10) from different regions of the dendritic tree of PCs with and without vacuoles. The number of spines present in those sampled lengths was calculated and subjected to statistical analysis. Significant differences in the spine numbers were calculated using GraphPad Prism, unpaired Student's t test for independent samples, version 4.0 (GraphPad Software, San Diego, CA, USA). A value of P<0.05 was accepted as statistically significant.
Specialized Sliver Staining
FD NeuroSilver™ Kit I (FD Neurotechnologies, Inc., MD, USA) was used for the detection of degenerating neurons in fixed vibratome cerebellar sections of the SCA1 and wild-type mice. This kit uses the principle that certain components of neurons undergoing degeneration, such as lysosomes, axons, and terminals, become particularly argyrophilic. Under certain conditions, these cellular elements bind to silver ions with high affinity. Upon reduction, the silver ions form metallic grains that are visible under a light microscope.
In Vitro Cross-Linking of Proteins Disuccinimidyl Suberate S100B and IMPA1 cross-linking was performed as described earlier [34] . The reaction was performed at 37°C for 30 min in 100 μl PBS containing appropriate amounts of purified bovine brain S100B (Sigma Chemical Co.) and IMPA1 (Calbiochem Nova Biochem, San Diego, CA, USA) followed by an additional 20-min incubation at room temperature in the presence of 0.5 mM disuccinimidyl suberate (DSS). The reaction was stopped by the addition of sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer. The samples were then processed for Western blotting.
Western Blots
For Western blot analysis, the above samples or cerebellar cytosolic/membrane fractions were subjected to SDS-PAGE (4-20% acrylamide gels; Bio-Rad Laboratories, Hercules, CA, USA) as described earlier [34] . Equal amounts of proteins were loaded. Proteins were transferred to polyvinylidene difluoride (PVDF) membrane (Bio-Rad), blocked for 1 h with blocking solution (Western Breeze, Invitrogen, Carlsbad, CA, USA) and incubated for 1 h or overnight with appropriate concentration of anti-S100B (1:1,000), anti-IMPA1 (1:2,000), anti-LC3 (1:1,000), antip62 (1:1,000), or anti-βIII-tubulin (1:2,000) primary antibodies. Immunoreactive proteins were visualized by incubation (for 1 h) in the goat anti-mouse alkaline phosphatase-labeled secondary antibody followed by reaction with the luminescent substrates (Western Breeze, Invitrogen). The blots were then exposed to hyperfilm-ECL (Amersham Biosciences, Buckinghamshire, UK).
Co-immunoprecipitation
Co-immunoprecipitation of S100B and IMPA1 was performed using Seize X Protein A IP kit (Pierce, Rockford, IL, USA). Briefly, samples containing 25 µl of 50% slurry of protein A agarose were rotated at room temperature with the mouse anti-IMPA1 antibody (5 µg/ml) or goat serum for 1 h followed by a brief centrifugation (3,000×g) in a spin cup column and washes per manufacturer's instructions. The resuspended protein A agarose-IMPA1 antibody complex was added to preincubated (30 min, at room temperature) samples containing 2 µg/ml of purified bovine brain IMPA1 and 4 µg/ml of S100B proteins. The contents were rotated at room temperature for 1 h. Immunoprecipitates were centrifuged in the spin cup columns and washed four times with binding/wash buffer. Bound proteins were eluted out by applying elution buffer and eluted fractions were then mixed with SDS-PAGE sample buffer, followed by boiling for 5 min. Samples were resolved by SDS-PAGE and transferred for immunoblot analysis as described above. Electrophoretically separated proteins were transferred to PVDF membranes, blocked 1 h in blocking solution (Western Breeze, Invitrogen), and incubated overnight with diluted monoclonal anti-S100B antibody (1:2,000). Immunoreactive proteins were visualized by incubation (for 1 h) in the goat antimouse alkaline phosphatase-labeled secondary antibody followed by reaction with the luminescent substrates (Western Breeze, Invitrogen). The blots were then exposed to hyperfilm-ECL (Amersham).
IMPA1 Activity
The effect of S100B protein on IMPA1 activity was measured by the method of Ohnishi et al. [27] . The activity assay was performed at 37°C for 30 min in the presence of 50 mM Tris-HCl (pH 8.0), 0.7 mM substrate (myo-inositol monophosphate 1), 1 mM ethylene glycol bis(2-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), 2 mM MgCl 2 , and 0.5 μg/ml of purified IMPA1. In order to distinguish IMPA1 activity from non-specific phosphatases, the reaction was carried out in the presence and absence of 60 mM LiCl. The reaction was stopped by the addition 60 μl of distilled water and 20 μl of diluted Malachite Green Reagent per manufacturer's instructions (BioAssay Systems, Hayward, CA, USA). The amount of free phosphate was calculated by calorimetric determination at 620 nm in a microtiter plate format. IMPA1 activity was expressed as micromolar phosphate liberated per minute. For statistical comparison, data were collected from three independent experiments (n= 3) ran in duplicates. Statistical significance was calculated using GraphPad Prism, unpaired Student's t test for independent samples, version 4.0 (GraphPad Software). A value of P<0.05 was accepted as statistically significant.
Purkinje Cell Cultures
Cerebellar PC mixed or enriched cultures were prepared by our previously described method [35] . We used Thy 1.2 (CD90.2)-coated Dynabeads (Dynal, Oslo, Norway) to prepare PC-enriched cultures.
Preparation of Dissociated Cultures and Feeding
The whole cerebellum was removed from 0-to 1-day-old mouse pup. Meninges were carefully removed under the dissection microscope. Tissue was rinsed in cold Ca 2+ and Mg 2+ -free Hanks balanced salt solution (CMF-HESS) and then 3 ml of cold CMF-HESS was added to a Petri dish containing six cerebella. The tissue was minced and was then added to the centrifuge tubes. Tubes were left at room temperature for 5 min so that the tissue pieces can settle down with gravity. The supernatant was gently removed and 3 ml of 1% trypsin/0.1% DNase (in CMF-HESS) was added. Pellet (minced tissue pieces) was incubated for 14 min at room temperature followed by washing and then trituration in 3 ml Dulbecco's modified Eagle's medium (DMEM) containing 0.05% DNase. The dissociated cells were centrifuged gently and the top 2.4 ml of media was removed, and with the remaining media, the cells were titrated and the cell pellet was thoroughly chilled on ice. The pellet was resuspended in DMEM and cells were counted. Cells were diluted with the plating medium (DMEM and 10% horse serum), and the cells were plated at 1-1.5×10 6 cells/1.5 ml of medium and grown in Lab Tek II Camber slides with four wells/slide. Alternatively, to 1 ml of cell suspension, 25 µl of Thy 1.2-coated Dynabeads was added. Cells were chilled on ice for 5 min and were incubated at room temperature for 15 min with gentle tilting and rotation. The microfuge tubes were placed on Dynal MPC for 1 min and 500 µl of DMEM-1% horse serum was added to the pelleted beads. Beads were washed twice with DMEM-1% horse serum and cells are resuspended in 1 ml plating media. The microfuge tubes or plates were incubated overnight at 35.5°C with 5% CO 2 and 100% humidity. The next day, cells were flushed (attached to Dynabeads) vigorously, and released cells were transferred into a flask containing serum-free supplement [50 ml DMEM, 50 ml H-12, l ml (100×) insulin-transferrin- Fig. 1. a- 
Immunocytochemistry
The cultured PCs were immunostained for CaB or S100B. Briefly, the cultures were fixed for 30 min in 4% paraformaldehyde in PBS. After 3×5 min rinse in PBS, the cultures were Fig. 4 . CaB immunostained PC in a 5-week-old SCA1 mouse (thick vibratome section) showing silver deposits in a vacuole (arrow) and along degenerating dendrites (a). These sliver deposits are not seen in the agematched wild-type mouse (b). Bars=10 µm incubated with 10% blocking goat or horse serum containing 0.05% Triton X-100 for 10 min with thorough intervening washes with PBS. The sections were then incubated overnight at 4°C with optimal dilution of primary antibody. After washing in PBS, cultures were incubated for 1 h with antimouse or anti-rabbit IgG conjugated with Alexa 488, or Cys3 (diluted 1:100 in 5% goat or horse serum prepared in PBS containing 0.05% Triton X-100). After mounting, the immunostained cells were photomicrographed using an Olympus BAX 60 epi-fluorescence microscope.
S100B Protein Labeling
Bovine brain purified S100B protein (Sigma) was labeled with fluorescent dye Oregon Green using Oregon Green 514 protein labeling kit (Molecular Probes Inc.) Five-to 14-day-old cultures were incubated at different time intervals with labeled S100B protein.
Results
Earlier, we showed that SCA1 PCs cells contain glialderived cytoplasmic vacuoles [8] . We further demonstrated that S100B though expressed exclusively in BG was localized to these vacuoles ( Fig. 1; [8] ). S100B containing cytoplasmic vacuoles were not observed during second postnatal week (Fig. 1a) in PCs of heterozygous SCA1 mice, but started appearing during the third week (Fig. 1b) , and by 5 weeks, a number of PCs contained Fig. 5 . GFP expressing wild-type and SCA1 PCs from 4-week-old mice (a, b). Sections were immunostained for GFP (green). The inset in b shows a marked decrease in spine density in SCA1 as compared to wild-type in a. c Six micrometers of tertiary dendrites was sampled (n=10) from different regions of the dendritic tree of PCs with and without vacuoles using Image-Pro Plus image analysis system (Media Cybernetics). The number of spines present in those sampled lengths were calculated and subjected to statistical analysis. Significant differences in the spine numbers were calculated using GraphPad Prism, unpaired Student's t test for independent samples, version 4.0 (GraphPad Software). A value of P<0.05 was accepted as statistically significant. d-f Double immunostaining showing GFP (green, d) and S100B (red, e) localization to PCs in a 4-week-old SCA1 mouse cerebellum. The large arrows indicate the presence of S100B containing cytoplasmic vacuole in PC, and the small arrows show that this PC with S100B vacuole exhibit cluster-like dendritic spine structures. f Merged image S100B-positive vacuoles (Fig. 1c) . Gene dosage had no effect on the time line of vacuolar development [8] . Early on, these vacuoles were negative for PC cell marker proteins CaB, protein kinase C-γ, and β-III tubulin. However, in older mice (10 weeks), we also observed a localization of protein kinase C-γ to vacuoles as reported by Skinner et al. [7] . SCA1 mice after 5 weeks of age start showing rotarod abnormalities. No S100B vacuoles were seen in wild-type animals or A02 transgenic line with normal CAG repeats [8] . S100B vacuoles were also observed in PCs of human patients with SCA1 (Fig. 2a,  b) , but not in patients dying with non-neurologic illness (not shown).
To gain insight into a molecular basis of the vacuole formation in SCA1, we looked at the expression of other BG proteins. The immunohistochemical analysis revealed that besides S100B, vacuoles contain vimentin, another BG marker protein (Fig. 3a) . In contrast, they are devoid of GFAP (Fig. 3b-e) . Though cerebellar gliosis is a hallmark of SCA1 disease, in 2-5-week-old SCA1 mice, there were a fewer number of GFAP reactive glia (Fig. 3b) However, more GFAP-positive elements were present around PCs with vacuoles (Fig. 3c, e) .
Further, we observed that the process of vacuolar formation may be associated with degenerative and morphologic changes in PCs (Figs. 4 and 5) . Figure 4a shows degenerating argyrophilic components in a PC vacuole and along the dendrite in 5-week-old SCA1 mouse. In contrast, these silver deposits are not seen in PCs of age-matched wild-type mouse (Fig. 4b) . Moreover, in comparison to 4-week-old wild-types (Fig. 5a ), SCA1 PCs with vacuoles exhibited an overall decrease in the number of GFP immunofluorescent PC spines (Fig. 5b) . This decrease in the number of spines was significant (P<0.05) when spines were counted across 6 µm of tertiary dendrites sampled from different regions of the dendritic tree of PCs with and without vacuoles (Fig. 5c) . At higher magnification, PCs with S100B containing vacuoles showed cluster-like structures on the dendritic branches as revealed by GFP immunofluorescence in Fig. 5d -f. These structures were not visible in PCs without vacuoles (not shown).
To investigate if vacuoles in SCA1 PCs have an autophagic origin, we examined the expression levels (by Western blotting) of microtubule-associated protein light chain 3 (LC3)-I and LC3-II, and the degradation levels of p62 (a LC3 partner) in the cerebellar fractions prepared from pre-symptomatic SCA1 (4 weeks old) and agematched wild-type mice (Fig. 6a) . The expression levels of βIII-tubulin were used as sample loading control. HeLa cell lysates were used as internal controls in order to identify LC3-II bands (Medical & Biological Laboratories; Fig. 6a ). During autophagy, the LC3 form I is converted to form II, and this form II gets associated with autophagic vesicles. Therefore, the presence of LC3 in autophagosomes as well as the conversion of LC3-I to the lower migrating form LC3-II have been used as indicators of ) and S100B (red, e) in a 10-week-old SCA1 homozygous mouse. At 10 weeks, the PC layer is disorganized. Small arrow in e shows S100B-positive BG. Big arrows in e and f show a large vacuole in PC. f Merged image. Bar=10 µm. g, h Human cerebellar sections showing IMPA1 (green) and S100B (red) immunostaining. IMPA1-positive PC in a normal control patient (g) does not show any vacuole. In contrast, S100B and IMPA1-immunostained cytoplasmic vacuole (arrow) is visible in the surviving PC of SCA1 patient (h). Bars=10 µm autophagy. To assess the autophagic flux, LC3-II/(LC3-I + LC3-II) ratios were calculated (Fig. 6b) [36] . No p62 degradation was observed in the cerebellar fractions of SCA1 mice as compared to wild-type animals (Fig. 6a) . However, Western blots analysis of LC3 using mono-and polyclonal antibodies, which recognize both LC3-I and LC3-II forms (Medical & Biological Laboratories, MBL International Corp.) showed altered levels of LC3-I and LC3-II in SCA1 mice. This was further supported by significant alterations in LC3-II/(LC3-I + LC3-II) ratios. LC3 also localized to the vacuoles in PCs in 4-week-old SCA1 mouse cerebellar sections (Fig. 6c-e) . These data indicate that vacuoles appearing early in SCA1 PCs could be developing through some autophagic mechanism.
In addition, vacuoles contained IMPA1, another protein implicated in autophagy (Fig. 7a-c) , which co-localized with S100B ( Fig. 7d-f) . IMPA1 regulates inositol signaling pathway and is present in the dendrites of both mouse and human PCs (Fig. 7b, d, g ). IMPA1 co-localization with S100B was also observed in PCs of SCA1 patients (Fig. 7h) . It is possible that the presence of IMPA1 in vacuoles could be some autophagic process yet to be explained.
The next question was why S100B and IMPA1 1 colocalize? Is S100B a ligand for IMPA1? Yes, our in vitro experiments revealed that S100B interacted with IMPA1 ( Fig. 8a-d) . The interaction between S100B and IMPA1 was studied using protein-protein cross-linker DSS followed by Western blot analysis as described under "Materials and Methods". The same amount of proteins was used in all experiments. S100B under reducing conditions existed as a monomer of 11 kDa, a dimer, and as a multimer (Fig. 8a) . On the other hand, IMPA1 normally exists as a dimer, but under reducing conditions appeared as a monomer with approximate molecular weight of 30 kDa (Fig. 8b) . The interaction between S100B and IMPA1 was also confirmed by co-immunoprecipitation (Fig. 8d) .
Further, S100B activated IMPA1 as the activity of IMPA1 was enhanced by the presence of S100B (Fig. 9) . Using the chromophoric assay, the IMPA1 activity was measured in the presence of 2 mM Mg 2+ and 1 mM EGTA to avoid pertubations from Ca 2+ ions. To determine the effects of Ca 2+ , some assays were performed in the absence of EGTA. The stimulation of IMPA1 activity by S100B was sensitive to lithium (Fig. 9a, b) . IMPA1 activation by S100B occurred at lower substrate concentrations (Fig. 9c) and also occurred both in calcium-dependent andindependent manner (Fig. 9d) . Experiments to determine if S100B competes for the CaB binding site on IMPA1 are currently being pursued.
Since activation of IMPA1 by S100B is only possible unless S100B is internalized in PCs, we investigated if exogenous S100B protein interacts with PCs in vitro. PCenriched cultures were prepared from the cerebella of 0-to Fig. 8 . a-c Western blots showing cross-linking of S100B with IMPA1. Purified bovine brain S100B protein and IMPA1 were incubated in PBS in the presence and absence 0.5-mM protein crosslinker DSS, and then subjected to SDS-PAGE followed by Western blot analysis. The same amount of proteins was used in all experiments and loaded in all lanes. a Blot probed for S100B. This protein under reducing conditions exists as a monomer (M) of 11 kDa, a dimer (D), and as a multimer. b Blot reprobed for IMPA1. IMPA1 normally exists as a dimer, but under reducing conditions appear as a monomer with approximate molecular weight of 30 kDa (black arrow); c overexposed blot a showing higher molecular weight S100B band corresponding to IMPA1 dimer in b. Blue arrows in a and b indicate the position of S100B. d Western blot of S100B showing coimmunoprecipitated S100B with IMPA1 (lane 2). IMPA1 antibody bound to protein A agarose beads was used to co-immunoprecipitate S100B from IMPA1-S100B protein mixture as described in the "Materials and Methods" section. Lane 1 shows standard S100B protein. Lane 3 Instead of IMPA1 antibody, control serum was used 1-day-old wild-type mouse pups. PCs were identified by size, asymmetric arbors, immunoreactivity to CaB, and failure to express GFAP (Fig. 10) . Purified S100B protein was labeled with the fluorescent dye Oregon Green. Fifteen-day-old cultures were incubated overnight with either tagged S100B protein or free dye. PCs internalized S100B, even to their nuclei (Fig. 10) . S100B fluorescence was detected in PCs as early as 2 h post-incubation. Free dye, however, was not internalized (not shown). Internalization of S100B in PCs suggests that S100B may be associated with normal PC-BG cross-talk.
Discussion
Cytoplasmic vacuolar development in PCs of B05 line of SCA1 mice is an early morphologic event, which precedes ataxin-1 inclusion formation [7, 8] . It is not fully understood why increased expression of mutant ataxin-1 results in the formation of cytoplasmic vacuoles. However, they are definitely associated with the disease process as they are formed only when mutant ataxin-1 (with expanded repeats) is expressed both in mouse model and human patients ( Figs. 1 and 2) . Furthermore, no vacuoles were seen in wild-type animals and A02 transgenic line with normal CAG repeats [8] .
The appearance of BG proteins in the vacuoles, especially S100B, coincides with the degenerative changes in dendritic spines of SCA1 PCs. Neurotoxic effects of S100B and its role in neurodegenerative diseases are welldocumented. Increased S100B levels may be caused by secreted S100B or release from damaged astrocytes [19, 23, 24] . In animal studies, changes in the cerebral concentration of S100B cause behavioral disturbances and cognitive deficits [19] . Based on the data presented in this manuscript, we speculate that glial cells may have an important role in SCA1 pathogenesis. Further, our recent observations of the cerebellar gene expression profiling in 2-week-old wild-type and SCA1 mice using Affymetrix microarrays showed a dysregulation of genes involved in BG-PC interactions (unpublished data).
Besides S100B, vimentin was also localized to PC vacuoles. Vimentin belongs to the family of intermediate filament (IF) proteins. In BG of the cerebellum, vimentin Fig. 9 . Activation of brain IMPA1 by S100B under different experimental conditions. Purified bovine brain S100B and IMPA1 were used in the activity assays. Non-specific IMPA1 activity was measured in the presence of high concentrations of LiCl (60 mM). a Activity in the presence and absence of S100B; b activity in the presence of various concentrations of S100B; c substratedependent activity in the presence and absence of S100B; d calcium-dependent andindependent activity in the presence and absence of S100B. Note in d, IMPA1 activity is significantly inhibited in the presence of high calcium. The data presented in a, c, and d are the mean±SE of three independent experiments (n=3) performed in duplicates. Statistical significance was calculated using GraphPad Prism, unpaired Student's t test for independent samples, version 4.0 (GraphPad Software). A value of P<0.05 was accepted as statistically significant and GFAP constitute the structural support of IF [37, 38] . Vimentin may also have a functional role in BG because in vimentin null mice, loss of vimentin results in impaired motor coordination and PC degeneration [39, 40] . Translocation of vimentin to PC vacuoles suggests that BG may play a role in SCA1 pathogenesis. S100B is known to regulate IF and microtubule dynamics. The S100B protein binds to GFAP and vimentin and inhibits their phosphorylation [41] . Furthermore, Sorci and co-workers [42] reported that S100B causes disassembly of IF, and S100B-dependent microtubule disassembly results in a tendency of vimentin IF to aggregate into bundles and/or to condense. Since PC vacuoles contain both S100B and vimentin, we speculate that similar mechanism may be associated with vacuole formation in SCA1.
Throughout the development of the cerebellar cortex, PCs interact closely with BG [9, 43] . Lordkipanidze and Dunaevsky [44] analyzed the pattern of growth of PC dendrites and reported that vertical growth of PC dendrites occurs primarily in alignment with BG processes, and BG processes provide structural substrates in the form of cell adhesion molecules for the directional growth of PC dendrites. The specificity of S100B and IMPA1 localization to vacuoles indicates that the vacuoles are not formed due to bulk internalization of extraor intracellular material. Changes in LC3-II/(LC3-I + LC3-II) ratios, however, suggest that some autophagic process might be responsible for the vacuole formation. Alternatively, it could also be argued that S100B is released by degenerating Bergmann glia [19, 23, 24] . In SCA7 mice, PC abnormalities develop due to the expression of polyglutamine-expanded protein in the BG, further suggesting that dysfunctional BG could cause PC degeneration [45] .
IMPA1 is the most abundant monophosphatases in the cerebellum [27] , and its activity is sensitive to lithium. IMPA1 hydrolyzes IMP to produce phosphate and myoinositol, the starting material for synthesis of PI, as well as phosphatidylinositol mono-and di-phosphates (PIP and PIP2), and subsequently IP3. IMPA1 hence acts in the biosynthetic pathway leading from IMP to IP3. IP3 is an agonist of the IP3 receptor, which is a Ca 2+ channel in the endoplasmic reticulum. IP3 may stimulate the release of Ca 2+ from the endoplasmic reticulum store to increase the cytosolic Ca 2+ levels, although the action of both IP3 and Ca 2+ on the IP3 receptor is intricately coupled. The released Ca 2+ ions bind to a number of Ca 2+ sensor proteins, e.g., calmodulin, leading to the activation of a vast number of enzymes and cellular events. IP3 is short-lived and rapidly depleted if not newly synthesized; its half-life in neuronal cells may be as short as 100 ms. The enzymatic activity of IMPA1 is therefore required to sustain the PI signaling pathway. The stimulatory effect of S100B on IMPA1 activity is apparently not regulated directly by Ca 2+ because IMPA1 is activated by S100B both in the absence and presence of Ca 2+ (Fig. 9d) . This is in striking contrast to the calmodulin system where target enzyme regulation is Ca 2+ -dependent. The calcium-binding protein CaB also activates IMPA1 both in vitro [46] and in situ in the dendritic spines of PCs [27, 28] . Given the importance of IP3-mediated Ca 2+ signaling for Fig. 10 . Cultured PC showing CaB immunostaining (a) and S100B fluorescence (b) in 15-day-old cultures. PC-enriched cultures were prepared from the cerebella of 0-to 1-day-old wild-type mouse pups. PCs were identified by size, asymmetric arbors, immunoreactivity to CaB, and failure to express glial fibrillary acidic protein. In this preparation, cultures were incubated overnight with Oregon Green-tagged S100B protein (500 ng/ml). CaB-positive PC shows internalized S100B. c DAPI (staining nuclei) and d merged image of a, b, and c. Bars=10 µm synaptic integration and plasticity in PCs, the CaB-IMPase interaction is strategically placed at the site of metabotropic signaling. Co-localization of S100B and IMPA1 to the vacuoles, interaction between these two proteins, and internalization of S100B in PCs in vitro suggest that S100B may be associated with normal PC-BG cross-talk. The CaB gene expression is known to be upregulated during cell stress [47, 48] . However, we reported earlier that both CaB and parvalbumin are downregulated in SCA1 mice [33] . Further, we demonstrated that CaB interacts with non-aggregated form of ataxin-1 and is recruited to ataxin-1 aggregates in PCs [35, 49] . Therefore, we speculate that in SCA1 a decrease in CaB levels and sustained activation of IMPA1 by S100B may dysregulate the inositol signaling system. Whether this sustained activation results in degeneration of BG (process)-PC (spine) interface leading to vacuolar formation requires further investigation.
Conclusion
This study shows that cytoplasmic vacuoles in PCs in SCA1 contain S100B and vimentin proteins, which normally localize to BG. Further, vacuolar formation is associated with alterations in the morphology of dendritic spines of PCs and may be developing via autophagic mechanism. S100B and IMPA1 co-localize to these vacuoles, and IMPA1 is an activated target of S100B. Another binding partner of IMPA1 is CaB, which is required for the localization of IMPase in spines and dendrites of PCs. Since CaB is downregulated in PCs of SCA1, the results of the present study suggest that CaB-regulated inositol signaling pathway may be modulated by sustained activation of IMPA1 via glial S100B. The discovery of S100B as a potential cellular activator of IMPA1 could be of interest in the development of novel pharmacological treatments for SCA1 or other related ataxias. Substances may be constructed that attenuate the activity of IMPA1 based on its interaction with S100B, for example, by competing with either protein for binding to the other one, by altering the affinity of S100B for IMPA1, by altering rates of association and dissociation of the two proteins, or by otherwise affecting its ability to regulate IMPA1.
